The plant specific RWP-RK family of transcription factors, initially identified in legumes and Chlamydomonas, are found in all vascular plants, green algae, and slime molds. These proteins possess a characteristic RWP-RK motif, which mediates DNA binding. Based on phylogenetic and domain analyses, we classified the RWP-RK proteins of six different species in two subfamilies: the NIN-like proteins (NLPs), which carry an additional PB1 domain at their C-terminus, and the RWP-RK domain proteins (RKDs), which are divided into three subgroups. Although, the functional analysis of this family is still in its infancy, several RWP-RK proteins have a key role in regulating responses to nitrogen availability. The nodulation-specific NIN proteins are involved in nodule organogenesis and rhizobial infection under nitrogen starvation conditions. Arabidopsis NLP7 in particular is a major player in the primary nitrate response. Several RKDs act as transcription factors involved in egg cell specification and differentiation or gametogenesis in algae, the latter modulated by nitrogen availability. Further studies are required to extend the general picture of the functional role of these exciting transcription factors.
Introduction
In the green alga Chlamydomonas reinhardtii, vegetative cells differentiate into gametes in response to nitrogen (N) starvation. In 1997, Ferris and Goodenough reported the identification of the MID (minus dominance) gene that is responsible for switching on the minus-programme and switching off the plus-programme in gamete differentiation. Interestingly, the MID gene is also induced after N removal and activates gametogenesis (Lin and Goodenough, 2007) . The authors identified a putative basic leucine zipper motif in this short protein of 147 residues (Ferris and Goodenough, 1997) . Just after this putative leucine zipper sequence, the MID protein contains a RWPYRK motif that went unnoticed at the time. Indeed this protein was the first identified member of what would be later described as RWP-RK transcription factors (TFs).
After the description of MID, Schauser et al. (1999) identified a putative TF named NIN (for nodule inception), the mutation of which abolished nodule formation in Lotus japonicus. Interestingly, the inception of legume nodules is also dependent on the perception of N limitation by the plant. Therefore both NIN and MID proteins seemed to be involved in the control of processes regulated by N status, and sequence comparison identified a conserved 60-aminoacid-long protein sequence containing a RWPXRK motif that was proposed to be involved in DNA binding. Proteins containing this conserved protein domain encompassing the RWPXRK motif were then named RWP-RK and defined as a new class of TFs. RWP-RK proteins were later identified in C. reinhardtii and Angiosperms, but not in organisms outside the green lineage except in Dictyostelium discoideum (Schauser et al., 2005) . The C. reinhardtii NIT2 and Arabidopsis thaliana NLP7 (NIN-LIKE PROTEIN 7), both members of the RWP-RK family, were later pinpointed as early regulators of cellular responses to N supply (Camargo et al., 2007; Castaings et al., 2009) .
In this review we summarize current knowledge about the RWP-RK family of TFs including their phylogenetic relationships in different algae and land plants as well as their expression patterns. We will also describe recent data that revealed a major role of these proteins in controlling cellular and tissue responses to N availability.
Phylogenic relationships and characteristic structural features
We have studied the phylogenetic relationship between RWP-RK proteins from different organisms by retrieving the sequences of RWP-RK proteins from six species: the dicots A. thaliana (14 proteins) and Medicago truncatula (8 proteins), the monocots Brachypodium dystachion (16 proteins) and Oryza sativa japonica (15 proteins), and the unicellular algae C. reinhardtii (17 proteins) and Volvox carteri (11 proteins). These 81 full-length sequences were obtained from Plant TFDB, Phytozome, and NCBI (see gene list in Supplementary data 1, and sequences in Supplementary data 2 available at JXB online). We aimed at obtaining an exhaustive list of existing RWP-RK proteins in these species by using both gene annotations and BLAST searches using whole proteins or RWP-RK motif sequences as queries. We used two RWP-RK protein sequences from D. discoideum (Nozaki et al., 2006) as an outgroup to root the phylogenetic tree. As for previously published trees of RWP-RK proteins (Lin and Goodenough, 2007; Nozaki et al., 2006; Hamaji et al., 2013) , we based our analysis on an alignment of the RWP-RK domain-extended on both sides to a total of ~100 amino acids - (Figure 1 and Supplementary data 3 available at JXB online) to limit issues related to high divergence between proteins belonging to evolutionary distant species. Although the OsRKD10 protein could not be computed in the phylogenetic analysis, as it does not contain a conserved RWP-RK domain, BLAST analysis showed that it is very similar to OsRKD7, which confirms its affiliation to the RWP-RK family. Most of the proteins showed a good conservation of the RWP-RK domain (Supplementary data 3 available at JXB online). As an exception, OsNLP6 has a conserved N-terminal part of the domain, but lacks the downstream half, which usually contains the RWPxRK signature. This protein might have lost the putative ancestral DNA-binding function and could be non-functional or have acquired a divergent function. The other 79 proteins share a conserved RWP-RK sequence domain (Supplementary data 3 available at JXB online) and 70 of them have the exact RWPxRK signature.
In parallel we searched full-length protein sequences for additional conserved motifs using the online MEME tool (Bailey et al., 2009) , which would distinguish different subfamilies. Fifteen predicted motifs were identified, most of them having a length between 20 and 50 amino acids (Figure 1 and Supplementary data 4 available at JXB online). As expected, the RWP-RK domain (motifs #1, 2, Figure 1 ) was detected in nearly all the proteins, with the exceptions of OsNLP6 and OsRKD10 as mentioned above. The motif #2 was not found by the software in CreMID and VcaMID1m-despite the presence of a conserved RWPxRK signature-because the domain is slightly truncated at its C terminus as compared with other proteins.
Based on the predictions of motif compositions and the phylogenetic analysis, and in agreement with Schauser et al. (2005) , we classified RWP-RK proteins into 2 subfamilies: NIN-like proteins (NLP) and RWP-RK domain proteins (RKD). For the NLP subfamily, we observed the same phylogenetic relationship of AtNLPs as shown by Schauser et al. (2005) , i.e. a recent evolution of pairwise distributed genes arisen as a result of a recent duplication. This group contains MtNIN-after which the subfamily has been namedand the first NIN homologue described outside the legume plant family, the C. reinhardtii NIT2 (Camargo et al., 2007) . This subfamily had greatly expanded in vascular plants, as it groups 64% (9 NLPs), 50% (4 NLPs), 44% (7 NLPs), and 40% (6 NLPs) of RWP-RK members from A. thaliana, M. truncatula, B. distachyon, and O. sativa, respectively, but only one member from each of the algae species (representing 6% or 9% of the family in C. reinhardtii and V. carteri, respectively). Interestingly, the region directly following the RWP-RK domain is conserved between all NLPs of vascular plants, but diverge in all the other RWP-RK proteins (motif #3 in Figure 1 ; Supplementary data 3 available at JXB online). In addition to the RWP-RK domain, NLPs are characterized by a PB1 domain (Sumimoto et al., 2007) at the C-terminus (motifs #10, 11, Figure 1 and Supplementary data 4 available at JXB online), which is predicted to be a protein-protein interaction domain (Sumimoto et al., 2007) . PB1 is absent from the algal NLPs (CreNIT2 and VcaNIT2), which, however, possess the so-called Q repeat (a glutaminerich sequence, motif #14, Figure 1 and Supplementary data 4 available at JXB online) that regulate the activities of TFs (Courey and Tijian, 1988; Dubin and Ostrer, 1994) and might also be involved in protein dimerization (Owens et al., 2003) .
A high accumulation of motifs conserved within the NLP subfamily was detected at the N-terminal region of the proteins. This includes the so-called GAF domain (covering the motifs #4, 5, 6, Figure 1 ) that is predicted in databases for AtNLP3 but not for other NLPs. However, a clear sequence homology can be observed amongst all the NLP proteins, thus defining a GAF-like domain (covering the motifs #4, 5, 6, Figure 1 and Supplementary data 5 available at JXB online). The widespread GAF domain, which belongs to the profilin-like superfold in the SCOP classification (Murzin et al., 1995; Lewis et al., 2013) is probably involved in signal transduction (Studholme and Dixon, 2003; Bush and Dixon, 2012) . Most of the structurally characterized GAF domains bind low-molecular-weight ligands including (Tamura et al., 2011) , representing the evolutionary history inferred using the minimum evolution method (Rzhetsky and Nei, 1992) . Equivalent results were obtained using the neighbour joining or maximum likelihood methods. The significant percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches (Felsenstein, 1985) . Unit of evolutionary distance correspond to the number of amino acid substitutions per site, computed using the Poisson correction method (Zuckerkandl and Pauling, 1965) . The tree was searched using the closeneighbor-interchange (CNI) algorithm (Nei and Kumar, 2000) at a search level of 1, after generating an initial tree using the neighbor-joining algorithm (Saitou and Nei, 1987) . The analysis involved 82 amino acid sequences. All ambiguous positions were removed for each sequence pair. There were a total of 130 positions in the final dataset. Right panel: Motifs identified by MEME online software (Bailey et al., 2009 ) on the different RWP-RK proteins. The motifs covered describe domains RWP-RK (motifs #1, 2), GAF-like (motifs #4, 5, 6), PB1 (motifs #10, 11), Q-repeats (motifs #14), and TPR/PPR repeats (motif #15), as well as newly identified motifs (motifs #3, 7-9, and 12, 13) . Motifs of OsRKD10 protein that could not be computed for the phylogenetic tree because of the absence of RWP-RK domain are indicated next to its closest paralogue, OsRKD7. Scale for protein length is indicated at the bottom. Examples showing typical protein structure for each subfamily are presented on the right.
The RWP-RK transcription factor family | 5579 2-oxoglutarate, nitric oxide, cGMP, and nitrate, or serve as homodimerization modules (Ho et al., 2000; Möglich et al., 2009; Niemann et al., 2014; Shi et al., 2014) . In vascular plants, GAF domains are found for example in phytochroms and in proteins related to ethylene signalling (Su and Lagarias, 2007; Gao et al., 2008; Grefen et al., 2008) . The function of the GAF-like domain in the NLPs is not yet known. In the case of CreNIT2, no binding of nitrate or cGMP could be demonstrated (Camargo et al., 2007) . Interestingly MtNIN lacks the motifs #4, 5, and thus contains only a truncated GAF-like domain. Similarly LjNIN was reported to have lost the GAF-domain (Suzuki et al., 2013) . Most of the NLP proteins also contain the consecutive motifs #7, 8, 9 (Figure 1 and Supplementary data 4 available at JXB online), for which no functional prediction is available.
The second subfamily, grouping RKD and RWP proteins, can be divided into three groups based on their identified motifs. The RKD(A) group is composed of proteins from vascular plants that contains the conserved undescribed motif #12 downstream of the RWP-RK domain ( Figure 1 and Supplementary data 4 available at JXB online). No other conserved motif was found in this group. RKD(A) proteins are generally largely shorter than NLPs from the same species. All previously identified RKD proteins from Arabidopsis belongs to this group. In this subfamily, BdRKD3 and OsRKD5 include motifs known as tetratricopeptide repeats (TPR) and pentatricopeptide repeats (PPR) in their N-terminal regions (grouped in motif #15, Figure 1 and Supplementary data 4 available at JXB online), which is unusual for transcription factors. Proteins containing these motifs have so far been described as involved in RNA binding, regulation, and editing (Barkan and Small, 2014) . Experimental data will be necessary to confirm these gene predictions and to identify the function of a protein having such an original domain structure. As well as RKD(A), the RKD(B) group is characterized by the presence of motif #12 downstream of the RWP-RK domain ( Figure 1 and Supplementary data 4 available at JXB online), but contains algal proteins only. They are much longer than the proteins of RKD(A) group, and the majority contains in addition to the RWP-RK domain and the motif #12, one or multiple copies of the so-called Q-repeat (motif #14).
The RKD(C) group contains RKDs from all the studied species except Arabidopsis. Except the RWP-RK domain, they do not contain a common feature. However, half of them share the short motif #13 (Figure 1 and Supplementary data 4 available at JXB online).
Classification of RWP-RK proteins according to their expression profiles
The expression profiles of A. thaliana and O. sativa RWP-RK genes during vegetative and reproductive development and under various stresses were analysed using publicly available data (GENEVESTIGATOR, Hruz et al., 2008) . We focused on the NLP subfamily that is well represented in expression databases.
We first analysed expression levels in different organs. We exploited the transcriptome data set from AtGenExpress using the Col-0 and WS accession and an analysis of different rice organs at the heading stage (OS-00094, rice variety Nipponbare) to analyse samples with the same genetic background and corresponding to identical growth conditions. Rice and Arabidopsis NLPs are expressed in almost all organs (Figures 2A and 3A) . In Arabidopsis, AtNLP8 and AtNLP9 are preferentially expressed in senescent leaves and seeds, with AtNLP8 being expressed at medium levels in other organs and AtNLP9 showing very low expression in other organs (Figure 2A ). This similar expression pattern and their close homology (Figure 1 ) suggests related functions in planta for AtNLP8 and AtNLP9. In rice, OsNLP1 and OsNLP3 are preferentially expressed in source organs, being in these organs the predominantly expressed OsNLP transcripts. Expression levels of OsNLP6 are very low in all organs under these conditions ( Figure 3A) .
Next, we analysed the expression changes under different nutrient and stress conditions including hormone treatments and germination studies. We analysed all available experiments in the GENEVESTIGATOR database for wild-type genotypes represented by at least three replicates.
No clear common feature was observed for all NLPs ( Figures 2B and 3B ). AtNLP8 expression is modified in response to a large number of treatments, whereas AtNLP4 and AtNLP9 are differentially expressed in the cases of specific stimuli only, such as heat stress and N treatments, respectively. The steady-state mRNA level of the seed-expressed AtNLP8 and AtNLP9 is modified during seed germination, supporting the hypothesis that these proteins are relevant for this process. Differential gene expression exceeding a 4-fold change was not detected for the other AtNLPs (Figure 2A ). It should however be noted that transcriptional regulations do not necessarily reflect the biological roles of the various NLPs; for example, the amount of NLP7 mRNA is not significantly influenced by N supply whereas this transcription factor has an important role in mediating nitrate signals.
In rice, OsNLP3 is induced after germination and repressed after heat and submergence treatments. Different to the other OsNLPs, OsNLP4 is repressed by several abiotic stresses and induced by low phosphate availability ( Figure 3B ). This transcriptional response toward many stimuli is similar to AtNLP8. Only OsNLP6 expression is modified by N treatments. Interestingly, as noted earlier, this protein has a less conserved RWP-RK domain and is separated from most of the other NLPs in the phylogenetic tree (Figure 1 ). However, less data from N treatments are publicly available in the case of rice.
Comparing the NLP expression profiles from Arabidopsis and rice illustrates that the expression patterns differ substantially between proteins that are closely positioned in the phylogenetic tree (Figure 1 ). This might be due to the different experimental conditions, but more probably indicates that the most homologous proteins are not functional orthologous. Thus, the selection of a given NLP for a specific functional role might have often differed between plant species. In the future, functional studies will elucidate the role of the various NLPs in planta.
Biological roles of RWP-RK proteins
The first report on RWP-RK proteins predicted them as DNA binding proteins, probably transcription factors, based on the similarity of the RWP-RK domain to basic leucine zipper and basic helix-loop-helix proteins (Ferris and Goodenough, 1997; Schauser et al., 1999) . Indeed, transcriptional activation ability has recently been demonstrated for AtRKD4, LjNIN, and AtNLPs (Waki et al., 2011; Suzuki et al., 2013; Konishi and Yanagisawa, 2013) . In addition all to date characterized RWP-RK proteins are, at least partly, localized in the nucleus. Results are presented as log(2) ratios. A colour code (yellow-red) was used to visualise the data. (B) Stress response expression profiles: data from all Col-0 and WS datasets with at least three replicates were analysed and treatments which differential expression >4-fold of at least one NLP gene are taken into account. Results with a P value lower than 0.05 are presented as log(2) ratios. A colour code (blue-red) was used to visualise the data.
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NLPs are the main players governing the primary nitrate response NIN-like proteins (NLP) have been characterized as regulators of nitrate signalling (Camargo et al., 2007; Castaings et al., 2009; Konishi and Yanagisawa, 2013; Marchive et al., 2013) .
N is an important nutrient for plants and in temperate regions nitrate is the main nitrogen source available for plant nutrition in natural habitats and agricultural soil (Marschner, 1995 12,0 12,0 11,8 11,8 11,8 12,0 11,8 11,6 12,4 12,6 11,4 11,9 10,9 10,0 OsNLP5 14,0 14,3 13,7 13,9 14,0 13,9 14,0 13,2 13,8 13,7 13,9 13,2 13,9 13,1 OsNLP6 9,5 9 ,4 9,6 9 ,4 9,4 9 ,4 9,3 9 ,3 9,5 9 ,5 9,3 1 0,3 9 ,7 9,7
Flag leaf Peduncle Node Expression (log (2) (2) relative expression values (P<0.05) using a colour code (yellowred). (B) Stress response expression profiles. Data from all wild-type datasets with at least three replicates were analysed and treatments which differential expression >4-fold of at least one NLP gene are taken into account. Results with a P value lower than 0.05 are presented as log(2) ratios. A colour code (blue -red) was used to visualise the data. No numbers (white) represents a ration below ±4.
as a major nutrient regulates the expression of many proteins required for its use by the plant, such as nitrate transporters and enzymes for nitrate assimilation and metabolism. This primary nitrate response includes rapid (within minutes) regulation by nitrate of the expression of up to 1000 genes (for recent reviews see Krapp et al., 2014; Wang et al., 2012; Bouguyon et al., 2012) . The first RWP-RK protein identified as an important player for the primary nitrate response was CreNIT2 (Camargo et al., 2007) . CreNIT2 expression is maximal in N-free medium and repressed by ammonium. However, intracellular nitrate is required to allow CreNIT2 to activate the promoter of NIA1 (encoding nitrate reductase). In vitro, CreNIT2 was shown to bind to the NIA1 promoter and was thus proposed to act directly as a transcription factor in response to nitrate. Several loss-of-function mutations had been identified and two concerned one of the five Q-motifs (Motif #14, Figure 1 ) located in the C-terminal region of the CreNIT2 protein, demonstrating the importance of these domains for CreNIT2-dependent nitrate induction of NIA1 expression. In the view of the nitrate dependency of CreNIT2 function, Camargo et al. (2007) tested if the CreNIT2 GAF domain binds nitrate, but could not demonstrate such a binding, leaving the function of the CreNIT2 GAF domain open. A recent report suggested that a tandem zinc finger protein (CreNZF1, nitrate zinc finger 1) regulates CreNIT2 expression by modulating its poly-A tail length (Higuera et al., 2014) . In the nzf1 mutant, which is deficient for nitrate utilization, CreNIT2 expression is decreased together with that of nitrate assimilation genes.
In Arabidopsis, NLP7, one of the nine members of the Arabidopsis NIN-like family, has been shown to regulate nitrate and N starvation responses (Castaings et al., 2009 ). In addition, AtNLP7 was identified in a genetic screen for regulators of the primary nitrate response . Marchive et al. (2013) showed that AtNLP7 binds to 851 genes in response to a nitrate signal, with preferential binding near the transcriptional start site of target genes. This AtNLP7-bound gene set is enriched for genes involved in N metabolism and for regulatory proteins such as transcription factors. Among the bound genes were nearly all of those previously characterized as being involved in nitrate signalling, such as ANR1 (Zhang and Forde, 1998) , LBD37/38 (Rubin et al., 2009) , CIPK8 and NPF6.3 (NRT1.1/CHL1, Ho et al., 2009) . The deregulation of direct AtNLP7 targets has far-reaching consequences for genome-wide nitrate regulation. Indeed, expression changes resulting from the loss of AtNLP7 extend beyond the genes directly bound by AtNLP7. Altogether these results pinpoint the upper hierarchical role of AtNLP7 as an orchestrator of nitrate responses.
Motif search did not identify the previously described DNA motifs contained in nitrate-regulated promoters (Konishi and Yanagisawa, 2010; Wang et al., 2010) when all NLP7-bound domains were considered. However, focusing the analysis on AtNLP7-bound genes that show attenuated nitrate response at the expression level in the nlp7 mutant revealed that 5% of them, including NII (encoding nitrite reductase) and NIA1, contain NRE-like motifs. Indeed, the 43 bp-long palindromic NRE (nitrate response element) was previously described in the promoter of the NII gene (Konishi and Yanagisawa, 2010) and in the 3' flanking region of the NIA1 gene . Interestingly, subparts of the NRE motif ("TTTGACC", and "AAGAGCC") were overrepresented in 37% and 15% of these domains, respectively. This suggests that AtNLP7 probably binds to motifs that are part of the NRE, but that the entire NRE is not required for efficient AtNLP7-dependent nitrate regulation of gene expression. Further analysis of the AtNLP7 binding motifs and their functional relevance is needed.
In addition to the recruitment of AtNLP7 to its target via specific cis-elements, the activity of AtNLP7 in response to the presence of nitrate is primarily regulated at the subcellular level (Marchive et al., 2013) . Indeed, whereas AtNLP7 is found in the cytosol under N starvation, re-supplying nitrate after N starvation leads within minutes to the relocation of AtNLP7 into the nucleus. Neither ammonium nor glutamine, both reduced N sources, triggers this relocalization. The accumulation of AtNLP7 in the nucleus is independent of transcriptional regulation and inhibiting nuclear export mimics the nitrate signal. Thus it was suggested that nitrate directly or indirectly inhibits, by an as yet unknown mechanism, the export of AtNLP7 from the nucleus, leading to a rapid nuclear accumulation (Marchive et al., 2013) . This tight post-translational regulation underlines the importance of AtNLP7 for the primary nitrate response.
Further important evidence for the major role of AtNLPs in nitrate signalling arose from a yeast one-hybrid (Y1H) screening using the 43-bp NRE (Konishi and Yanasigawa, 2013) . All identified Arabidopsis NRE-binding proteins turned out to belong to the NLP family. This was confirmed in planta for six out of the nine AtNLPs using transactivation assays in mesophyll protoplasts. Different AtNLPs have distinct binding specificity concerning the two parts of the palindromic NRE sequence. The role of AtNLPs for the primary nitrate response was addressed by stable overexpression of an AtNLP6-EAR fusion construct that transforms an activator into a dominant chimeric repressor (Hiratsu et al., 2003) , which resulted in reduced nitrate induction for several genes in the corresponding transgenic lines (Konishi and Yanasigawa, 2013) . It remains to be determined whether this alteration of the primary nitrate response is due to a modified function of AtNLP6 or to the impaired function of other NLPs such as AtNLP7. In addition, evidence has been found that the N-terminal region flanking the RWP-RK domain is responsible for the activation of AtNLP6 in response to nitrate signalling (Konishi and Yanasigawa, 2013) . This could be in agreement with the proposed regulation by nuclear export as the predicted nuclear export sequence (NES, La Cour et al., 2003) of AtNLP7 is located at the N-terminal end of the protein, and a fairly homologous sequence exists in AtNLP6.
Nodule inception proteins are essential for nodulation
The founding member of the RWP-RK family, NIN, was first identified in a large mutant screen for non-nodulating L. japonicus plants (Schauser et al., 1999) . Nodulation is The RWP-RK transcription factor family | 5583 specific to legumes. When N is in limiting amounts in the soil, legume plants are capable of using atmospheric N 2 which is fixed by rhizobacteria maintained symbiotically in specialized root nodules. Nodule organogenesis is highly regulated, as nodule formation and nitrogen fixation are energy-consuming processes. To this end, legumes have evolved molecular networks to adapt nodule organogenesis to the plant's nutrient need. Under N-limiting conditions nodulation is initiated by a signal exchange between the symbiotic partners. In response to root-exudated flavonoids the rhizobia secrete lipochitooligosaccharides, the so-called Nod factors (D'Haeze and Holsters, 2002) . Nod factors are sensed in the epidermis of root hairs by lysin motif (LysM)-containing receptor-like kinases, such as NFR1/NFR5 from L. japonicus and LYK3 and NFP from M. truncatula Radutoiu et al., 2003; Limpens et al., 2003; Arrighi et al., 2006) . First events of the signalling cascade that triggers infection and cortical cell division are ion fluxes, root hair curling, and calcium oscillation, followed by the regulation of gene expression by various transcription factors (TFs).
NIN was the first TF identified as essential for nodulation in L. japonicus (Schauser et al., 1999) . Mutations of NIN orthologues in Pisum sativum and M. truncatula led to similar phenotypes (Borisov et al., 2003; Marsh et al., 2007) . Loss of NIN function abolishes both infection and nodule organogenesis, but NIN acts downstream of the Nod factor recognition by the plant (Oldroyd and Downie, 2008) . The early events such as root hair curling and calcium oscillation are not impaired in nin mutants, but no infection threats and no nodule primordia are formed (Marsh et al., 2007) . In the presence of non-limiting N in the soil or in the absence of rhizobia, NIN does not affect plant development, being thus a specific factor for symbiosis (Schauser et al., 1999) . Indeed, NIN expression is induced shortly after rhizobia infection in the nodule and the expression level increases during the first days of infection (Marsh et al., 2007) . Ectopic expression of NIN induces cortical cell division that is an initial step of root nodule organogenesis without rhizobial infection (Soyano et al., 2013) .
Several TFs have been shown to regulate NIN expression. MtSIP1 binds the NIN promoter and may be required for Nod factor-induced NIN gene expression. MtSIP1 is closely related to the HSP20 subfamily in Arabidopsis (Zhu et al., 2008) . In the view of the regulation of several NLPs by heat stress (see above, Figures 2B and 3C) , this suggests the recruitment of a series of proteins during the evolution of nodulation. Recently NIN has been placed downstream of the GRAS transcription factors NSP1 and NSP2, which both regulate NIN transcription (Hirsh et al., 2009) . Indeed NIN acts downstream of the so called SYM pathway, which is common to mycorrhizal and rhizobial symbiosis (Oldroyd, 2013) . Thus, NIN has been recruited during the evolution of the rhizobial symbiosis.
Not many direct targets of the TF NIN have been revealed yet. NIN binds to the promoter of the pectate-lyase gene in Medicago (Xie et al., 2012) , and recently LjNF-YA1 and LjNF-YB1, transcription factors that are also involved in formation of nodule primordia, have been identified as direct target genes of LjNIN (Soyano et al., 2013) .
A role for NIN in nitrate responses is unknown. In addition, nitrate has major inhibitory effects on nodulation (Mortier et al., 2012) . Inappropriate activation of nitrateresponsive pathway may suppress nodule formation and down-regulate nitrogen-fixing activity. Recently Suzuki et al. (2013) have shown that LjNIN binds to NREs from Arabidopsis, as is the case for NLPs, but that this leads to a rather low activation of NRE-regulated transcription in transactivation assay in protoplasts when compared with AtNLP6 or LjNLP1. When comparing the domain structure of MtNIN to the Arabidopsis, Brachypodium, and rice NLPs, two domains at the N-terminal end of the protein are missing in MtNIN (motifs #4, 5). In the Chlamydomonas NIT2 protein that we classified as NLP owing to the domain structure, only one of these domains (motif #4) is missing. These two motifs together with the motif #6 result in sequences similar to the GAF domain (Supplementary data 5 available at JXB online).
Several RKD proteins regulate gamete function
In Chlamydomonas, haploid vegetative cells differentiate into gametes in response to N starvation. Gametes of opposite mating type (minus and plus) are able to agglutinate and fuse to form zygotes (Harris, 1989) . The CreMID (minus dominant) gene has been shown to be necessary for expression of minus-specific gamete-specific genes in response to N depletion. Among the targets of CreMID-dependent regulation are two KNOX/BELL transcription factors with unknown function. These TFs are elusively expressed only in plus or minus gametes (Lee et al., 2008) . CreMID expression is rapidly up-regulated in response to N starvation within 30 minutes, which is similar to CreNIT2 and AtNLP4, AtNLP8 and AtNLP9. A hypothesis would be that low level CreMID expression in vegetative cells may play a role in the response to ammonium depletion.
The CreMID protein belongs to the RKD(C) group and among the 15 Chlamydomonas RWP-RK proteins three are found in this subgroup. However, CreMID has a unique domain structure being more similar to the orthologous VcaMID1m and other RWP-RK proteins from rice, Brachypodium, and Medicago than to the two other RKD(C) proteins from Chlamydomonas.
A male-specific RWP-RK protein has been isolated from the oogamous volvocacean species Pleodorina starrii (Nozaki et al., 2006) . The gene is only present in male genomes and is expressed chiefly in sperm nuclei under N deprivation, suggesting a role in male gametogenesis (Nozaki et al., 2006) .
Consistent with the proposed function of MID in Chlamydomonas and other green algae, in Arabidopsis RKD proteins are involved in the control of egg cell functions. The molecular mechanisms that control the differentiation of the egg cell in the female gametophyte are not well understood (Sprunck and Gross-Hardt, 2011) . Arabidopsis RKD1-5 are highly expressed in egg cells, with AtRKD1 to AtRKD4 chiefly expressed in tissues containing the reproductive organs. Indeed, ectopically expressed AtRKD1, AtRKD2, and AtRKD4 cause severe distortions of plant growth including aberrant tissue proliferation. This is accompanied by the induction of egg-cell-specific genes (Kőszegi et al., 2011; Waki et al., 2011) . Whereas rkd1 and rkd2 mutants have no visible phenotypes, loss-of-function rkd4 mutants are impaired for zygotic cell elongation and subsequent cell division patterning. No phenotypic alteration has been observed post germination, which suggests that AtRKD4 is primarily involved in embryogenesis (Waki et al., 2011) . Indeed, overexpression of RKD4 primed somatic cells for embryogenesis independently of external growth regulators. Furthermore, loss of RKD4 impairs formation of the auxin-mediated embryonic axis and the initiation of organ primordia (Waki et al., 2011 ). Jeong et al. (2011 showed that AtRKD4 acts downstream of the MAP kinase (MPK) module including YODA, MPK3, and MPK6 that is activated in the zygote upon fertilization and in parallel with the WUSCHEL-like homeobox (WOX) proteins, which are key regulators of the first asymmetric cell divisions (Haecker et al., 2004) . These results reveal that AtRKD4, is an important regulator of the earliest stage of plant development and suggest similar functions for AtRKD1-3. Together, this suggests a high phylogenetic conservation of the gameterelated function of the RKD proteins. Interestingly, it has been shown that nitrate is important for early embryo development in Arabidopsis (Almagro et al., 2008) and that N availability determines wheat floret development (Ferrante et al., 2010) . However, the involvement of N sensing pathways in controlling gametogenesis in vascular plants is still speculation.
Future perspectives
Our current knowledge of RWP-RK proteins is mostly derived from work in Arabidopsis, Chlamydomonas, and legumes. Given the central role of NLPs for the response to nitrate and of other RWP-RK proteins for embryo development, it is clearly of interest to explore if and how RWP-RKs were recruited and modified during the domestication process of plants to contribute to yield increase. In addition, understanding the regulatory processes during the specification and differentiation of the egg cell might provide tools to manipulate parthenogenetic processes as a component of apomictic reproduction.
It is striking that the acquisition of multicellularity by land plants led only to the diversification of the NLP family. This could be linked to the appearance of several differentiated plant tissues like conductive or storage tissues. Conversely, the RKD family did not display such an increase in gene copies which could be related to its pattern of expression restricted to a limited amount of tissues like reproductive cells and organs. Therefore another important missing aspect is the cell type, tissue, and spatio-temporal distribution of the different proteins and the associated signalling networks.
The common theme that emerges from functional and regulation studies of the RWP-RK family is its close association with N signalling. From the MID protein to the NIN and NLPs their roles seem to be variations around a common theme that would be to act as primary sensors and conveyors of nitrogen signals. Indeed, from algal and plant gametogenesis to the adaptation to nitrate supply, these proteins invented by the green lineage seem to work to fine tune cellular processes to the variations in N sources.
Furthermore, as it is well documented that N and C primary metabolisms are intimately intertwined (Nunes-Nesi et al., 2010) , it would be of interest to explore more deeply the roles of RWP-RK transcription factors in the regulation of other metabolic pathways. Indeed, we have shown for example that several enzymes involved in C metabolism are bound by AtNLP7 (Marchive et al., 2013) and it has been recently reported that in Chlamydomonas NIT2 influences starch and lipid storage (Remacle et al., 2014) .
In conclusion, much work still lies ahead to fully comprehend the functions of RWP-RKs, the mechanisms involved in nitrate signalling by NLPs, the role of RWP-RK proteins for embryo development, the mechanisms underlying the role of NIN for nodulation, and other signalling roles still to be discovered, if we wish to harness this family of transcription factors for increasing crop growth and productivity under N constraints.
